To elucidate the relationship between the substrate size and geometric shape of the catalytic site of Thermus maltogenic amylase, Gly50, Asp109, and Val431, located at the interface of the dimer, were replaced with bulky amino acids. The k cat =K m value of the mutant for amylose increased significantly, whereas that for amylopectin decreased as compared to that of the wild-type enzyme. Thus, the substituted bulky amino acid residues modified the shape of the catalytic site, such that the ability of the enzyme to distinguish between small and large molecules like amylose and amylopectin was enhanced.
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Cyclodextrin (CD)-degrading enzymes, such as maltogenic amylases (MAases, EC 3.2.1.133), [1] [2] [3] cyclomaltodextrinases (CDases, EC 3.2.1.54), 4, 5) Thermoactinomyces vulgaris R-47 -amylase II (TVAII, EC 3.2.1.135), 6) and neopullulanases (EC 3.2.1.135), 7) belonging to GH13 show multi-substrate specificity. They hydrolyze a wide range of substrates such as maltooligosaccharide, CDs, pullulan, and acarbose. In addition, they possess transglycosylation activity, which transfers a glucosyl unit from a donor molecule to a glucosyl moiety of an acceptor molecule by forming an -1,6-or -1,3-glycosidic linkage.
8) The three-dimensional (3-D) structure of a MAase from Thermus sp. (ThMA) reveals that the protein is present as a homodimer, and that the N-terminal domain of one subunit covers part of the (/ ) 8 barrel of the other subunit, thereby overhanging the center of the (/) 8 domain. 9) As a result, the interface of the dimer forms a deep, narrow groove, unlike the wide, shallow active site clefts in other amylolytic enzymes. The unique geometric shape of the active site cleft has been found to be closely related to substrate preference. Oligomeric enzymes are known to be able to discriminate substances according to their degree of polymerization, due to the geometry of the active site formed at the interface of the oligomer. 4, 10, 11) ThMA with N-terminal deletion exhibited a significant increase in starch hydrolysis activity. 10) This indicates that the N-terminal domain played a key role in substrate size recognition by forming a deep, narrow groove at the active site. Recently, we found that CDase from alkalophilic Bacillus I-5 is readily able to hydrolyze amylose, but shows weak binding to amylopectin. 12) The selective hydrolysis of amylose by CDase has led successfully to the preparation of low-amylose rice starch. The aim of this study was to elucidate the relationship between the geometry of the active site cleft of ThMA and substrate preference by modification of the active site cleft.
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Biosci. Biotechnol. Biochem., 71 (6), [1564] [1565] [1566] [1567] 2007 Note DNA His 6 -ThMA, which carried the ThMA gene with six histidines fused at the N terminus, was used as the template DNA. 3) For the introduction of G50I, D109E, and V431I, several oligonucleotides (
0 for D109E, and 5 0 -AGGCT-GCTCACCATATGCGGCGGCG-3 0 for V431I) were synthesized. Escherichia coli MC1061 [F À , araD139, recA13, Á(araABC-leu)7696, galU, galK, ÁlacX74, rpsL, thi, hsdR2, mcrB] was used as a host for the expression of wild-type and mutant ThMA. His 6 -tagged ThMA and its mutant were purified efficiently using a Ni-NTA column, as described previously.
3) Each purified enzyme appeared at about 66 kDa on SDS-PAGE (Fig. 1) . The kinetic parameters of wild-type and mutant ThMA toward amylose and amylopectin were determined by the copper bicinchoninate method. 13) To prepare the amylose solution, amylose was dissolved with 1 N NaOH, diluted with distilled water, and then neutralized with 0.1 N HCl. Amylopectin was dissolved in buffer solution. Each substrate solution was reacted with wild-type and mutant ThMA at 55 C. To assay the reducing sugar, the reaction was stopped by mixing 0.1 ml each of the reaction mixture and 100 mM NaOH. The reagent (0.2 ml) was added, and the mixture was incubated in a water bath at 80 C for 30 min. The sample was then cooled for 15 min, and absorbance was measured at 570 nm. The amount of reducing sugar in the sample was calculated using a maltose (Sigma) calibration curve. The kinetic parameters were determined using Lineweaver-Burk plots.
To modulate the accessibility of the substrate to the active site of ThMA, a triple mutation was introduced into the enzyme, by site-directed mutagenesis. Based on the structure of ThMA, Gly50, Asp109, and Val431 were selected as the target amino acids, since substratebinding of ThMA can be influenced by the direction and arrangement of seven loops positioned around the top of the active site groove. Gly50 is located in the loop connecting N5 with N6, where Trp47 interacts with the inner part of the -CD ring. Asp109 is located in the loop between N11 and N12. Val431, along with the catalytic residue Asp424, is positioned in the loop between B7 and B9. Since these three amino acids are at the top of the substrate-binding site, the role of these residues was investigated by replacing Asp109 with glutamic acid, and Gly50 and Val431 with isoleucine ( Fig. 2A) . A model structure of the mutant enzyme was generated based on the structure of ThMA by energy minimization. The kinetic parameters for the rate of hydrolysis of the wild type, G50I/D109E, and G50I/ D109E/V431I, toward amylose and amylopectin were determined, and they are summarized in Table 1 . The wild type enzyme hydrolyzed amylose more favorably than amylopectin, as do many other CD-degrading enzymes.
14) The k cat values of the mutant enzymes toward both amylose and amylopectin increased as compared to that of the wild-type enzyme. The K m values of the mutant enzymes for amylose decreased. The k cat =K m values of G50I/D109E and G50I/D109E/V431I ThMA toward amylose, 5.86 and 11.8 s À1 mg À1 ml respectively, were higher than the 4.89 s À1 mg À1 ml of the wild type ThMA enzyme, implying that the specificity of the mutant enzyme for amylose increased. The mutant enzymes exhibited a lower affinity in binding amylopectin than the wild-type enzyme, as shown by the increase in K m in Table 1 specificities of the mutant enzymes for amylopectin decreased significantly. The ratio of the k cat =K m value for amylose to that of amylopectin indicates that the substrate specificity of the mutant enzyme for amylose increased greatly as compared to that for amylopectin. The interface of dimer ThMA lined by the N-terminal domain of the other subunit formed a deep, narrow active site cleft, about 17 Å in length, about 8 Å in width, and 18 Å in depth.
9) The geometric shape of the active site cleft, modified by replacing three amino acids with bulky amino acids, can influence substrate binding affinity. The model structure of the mutant enzyme exhibited a narrower active site cleft than the wild type enzyme. The residue Val431 is located in the middle of the helix at the entrance to the (substrate binding) pocket pointing inward to the active site, while its side chain is adjacent to the side chain of Ser 426, in close proximity.
Replacement of Val431 with the bulky amino acid Ile led to a concomitant rearrangement of the loop containing the catalytic residue (Asp424), and thus to a slight modification of the active site cavity. The major change at the entrance to the active site pocket resulted from the replacement of Gly50 with isoleucine. The loop which contained Gly50 protruded from the well-folded N-terminal domain constituting a gate wall at one side of the cleft. The mutation of two residues, 50 and 109, at the gate wall with bulky amino acid appears to have narrowed the gate significantly, while the replacement of Asp109 with Glu109 allowed the distance to the residue Lys389 to come into sufficient proximity for hydrogen bonds in this loop, adjusting the gate wall further. The structural hindrance caused by the bulky amino acid was able to inhibit the binding of branched linkages of amylopectin and to decrease the binding affinity of The active sites of wild-type ThMA (A, left) and G50I/D109E/V431I (A, right) are shown. The structure of the mutant enzyme was generated by changing three amino acid residues of the wild type using Program O, 15) and InsightII software (Accerlys, San Diego, CA) was used to perform molecular modeling simulation applying the consistent valence force field (CVFF). The figure was prepared using the Pymol program. The (/) 8 barrel domain of molecule A is in pink and the N-terminal domain of molecule B is in yellow. The catalytic sites are displayed in red. The substituted amino acid residues are in green.
amylopectin. Due to its molecular shape and size, a relatively small substrate such as amylose is more easily accessible to the active site of the mutant enzymes than large branched molecules like amylopectin, resulting in higher selectivity of the substrate-binding site for distinguishing amylose and amylopectin. Hence, replacement with bulky amino acids perhaps influenced the shape and flexibility of the gate wall at the substrate binding cleft, resulting in high substrate selectivity, according to the molecular size and shape.
